Massive stars undergo a violent death when the supply of nuclear fuel in their cores is exhausted, resulting in a catastrophic "core-collapse" supernova. Such events are usually only detected at least a few days after the star has exploded.
Shock breakouts have been inferred for a few relatively local GRBs and x-ray flashes which may involve shocks traveling through dense winds outside compact blue stars, including the recent SN 2008D (9) (10) (11) (12) (13) (14) . Here we describe the brightening of a red supergiant due to the theoretically predicted radiative precursor before the supernova shock reaches the surface of the star. Such observations provide information about the density profile inside the progenitor star (15) and the physics of radiative shocks, and knowledge of the spectrum of the associated ultraviolet flash has implications for the ioniziation of the circumstellar medium (16, 17) .
Although core-collapse supernovae are expected to be most luminous around the time of shock breakout, most of this energy emerges as extreme UV or soft X-ray radiation. Hence corecollapse supernovae are typically only discovered several days after the supernova explosion near the peak of their optical light curve; observations of early light curves are rare (18, 19) . To circumvent this problem, we exploit two complementary data sets: an optical survey to locate supernovoae, and UV data to search for serendipitously associated shock breakouts. The first is the Supernova Legacy Survey (SNLS; 20) which studies distant supernovae using data taken every 4 days at the 3.6 m Canada-France-Hawaii Telescope (CFHT). The second is from the Galaxy Evolution Explorer (GALEX) UV space telescope (21, 22) , which took a deep 100 hour combined exposure coincident with the early-2004 SNLS data in the Cosmological Evolution Survey I"COSMOS") field (23, 24) . The GALEX data were taken using sub-exposures of 15 to 30 minutes over several weeks, providing data with the time resolution necessary to resolve UV-luminous events occurring before the SNLS supernovae.
One SNLS event, designated SNLS-04D2dc and confirmed as a Type II supernova from the hydrogen lines in an optical spectrum taken at the European Southern Observatory (ESO) Very Large Telescope (VLT) [supporting online material S1 (SOM text S1) (25)], shows a dramatic brightening in the GALEX near-UV images about 2 weeks before the discovery by the SNLS, consistent with shock breakout. The host galaxy appears to be a normal star-forming spiral galaxy at a redshift of z = 0.1854. The supernova spectrum, Gemini host galaxy spectrum and Hubble Space Telescope image of the host are presented in 25. The optical light curve has a plateau that identifies the explosion as a Type IIP supernova (Fig. 1) , suggesting a redsupergiant progenitor (26, 27) . Because of bad weather and technical problems with the CFHT camera, there are no optical data concurrent with the UV data; however, GALEX observed the entire radiative precursor, (Fig. 2) .
The GALEX light curve probes the arrival of the supernova shock at the surface of the star. We can interpret the two peaks in this light curve ( Fig. 2 ) in terms of distinct physical processes. The first peak in the UV light curve is due to radiation traveling ahead of the shock wave. This heats the surface of the star before it begins to explode. The near-UV light curve samples the brightening caused by this precursor over 6 hours. We can compare the duration of the observed precursor with theoretical expectations by equating the photon diffusion time-scale with the time-scale for the shock to escape from the envelope. If v is the shock speed and the density of the hydrogen-dominated atmosphere is ρ, we find d ≈ 2.5 × 10 11 m(10 −8 kg m −3 /ρ)(10 7 m s −1 /v) for the depth of the shock d (from the surface of the star) at the time when the radiative precursor becomes visible at the surface (SOM text 3 and 4). This value for d leads to a prediction for the duration of the shock precursor of d/v = 2.5 × 10 4 s for the parameters above, that is, almost 7 hours, consistent with our observations of the precursor. This indicates that the progenitor was a large star, that is, a red supergiant, as expected for the progenitor of a type IIP supernova (26, 27) , whilst previous calculations indicated that radiative precursors from blue supergiant stars would last for minutes rather than hours (8) . To model the radiative precursor, we solved simplified radiation-hydrodynamics equations for an outward-moving shock inside a stellar envelope. Figure 3 shows representative models that are consistent with the data; they require radii and envelope densities appropriate for a red-supergiant star. These models also indicate that only the initial ∼ 4 hours of the first UV peak occur before the shock reaches the surface of the star.
The peak in the total luminosity of the source occurs at the time of the first UV peak, and the total luminosity monotonically decreases after this point. The temperature behind the shock is lower than the temperature at the shock front itself, which leads to a rapid drop in the luminosity of the star after shock breakout (8) . The near-UV light curve in Fig. 3 shows this dip in brightness after the shock has escaped from the star.
Although the radiative precursor does cause some expansion of the star, there is little change in the stellar radius until the shock reaches the surface. Behind the shock, the radiationdominated plasma expands at almost constant velocity and cools rapidly as a result of adiabatic expansion (1) . The UV light curve is now governed by the expansion of the photospheric radius (and concomitant increase in radiating surface area), the adiabatic cooling of the surface and the shift of the spectral energy distribution towards longer wavelengths, causing the second peak in the UV light curve. In the adiabatic cooling phase, the photospheric temperature T is approximately inversely proportional to the photospheric radius R. Because for a black body this drop in T causes a more rapid decrease in the luminosity (L ∝ T 4 ∝ R −4 ) than the increase due to the growing surface area (L ∝ R 2 ), the total luminosity of the supernova continues to decrease.
However, in the Rayleigh-Jeans portion of the spectrum the increase in the surface area of the photosphere is more important than the decrease in emission per unit area, and the luminosity at those wavelengths increases (SOM text S4.3). The observed UV luminosity rises until the peak of the blackbody spectral energy distribution nears the UV waveband. Thereafter, the UV luminosity decreases with continued adiabatic expansion and cooling. The model curves in Fig. 2 show that this simple physical description reproduces the GALEX data with parameters as expected for a red supergiant progenitor. Initial photospheric radii of 500-to 1000 solar radii R ⊙ , expansion velocities of 1-to2×10 7 m s −1 , and initial temperatures of ∼ 10 5 K match the observed fluxes well. The biggest uncertainty arises from the adopted extinction (SOM text S1);
any increase in the NUV extinction would increase the range of preferred initial radii. Measuring precise radii of supernova progenitor stars would be a valuable constraint of the late stages in the evolution of massive stars; this require higher time resolution and more accurate temperature determinations, for example, from observing the full spectral energy distribution from
x-ray to optical. In addition, detailed light curves of radiative precursors probe the energetics of supernova shocks and the structures of the stellar envelopes through which they travel. The background levels are shown before and after the supernova (left and right panels), and the central panels show the event itself. The radiative precursor is highlighted in yellow. Models for the post-explosion expansion are shaded in green; these models assume an initial photospheric radius of 500-1000 R ⊙ . The width of the green band is due to the range of assumed expansion
). These models assume adiabatic free expansion of a radiationdominated plasma and black-body emission from a well-defined photosphere (see text). The models were only fitted to the NUV data, but are also consistent with the FUV data. We have extracted a spectrum at the location of the SN inside the galaxy to estimate the host galaxy extincton based on the Balmer decrement of the galaxy spectrum. We used the SMC reddening law (S1) to estimate the extinction in the GALEX bands, which is appropriate for most star-forming galaxies at most redshifts including lower-mass galaxies at low redshift. The colour excess E B−V was determined from the Balmer decrement at the location of the SN and gives E B−V = 0.14, with implied extinction on the GALEX UV filters of A NUV = 1.45 mag and A FUV = 2.39 mag. The largest source of uncertainty in the extinction measurement is probably its low spatial resolution. From the variation in E B−V we see between stars within ∼ 1 kpc of the Sun, we estimate that the uncertainty in the absolute extinction of the supernova 1 ESO/VLT large programme number 171.A-0486.
could be as much as a factor of two.
An alternative way to estimate the extinction of this supernova is to use the empirical relation found by (S2) for a set of IIP supernovae, based on the colours during the optical plateau. Using the restframe V-I colour at day 50 of 0.54, their relation is broadly consistent with the level of extinction for this supernova which we measure from the emission lines, though their relation is also consistent with no extinction for this supernova.
S2 GALEX Data Reduction
We determined the photometry for the NUV light curve by processing image frames of 10 ′ × 10 ′ size centered on the SN using the MPIAPHOT package (S3). We co-added a selection of 161 frames with a reasonably Gaussian PSF to obtain best-possible position estimates when searching objects with SExtractor (S4). We then transformed the coordinates of the object list back into the coordinate frames of each single exposure and measured fluxes centered on the projected object positions.
We suppressed the propagation of variations in the PSF (presumably mostly due to focus drifts) into the photometry by making sure that we always probe the same physical footprint f (x, y) of any object in all exposures irrespective of the PSF p(x, y). Here, the footprint f (x, y)
is the convolution of the PSF p(x, y) with the aperture weighting function a(x, y). If all three are Gaussians, an identical physical footprint can be probed even when the PSF changes, simply by adjusting the weighting function a(x, y) for each frame. We chose to measure fluxes on a footprint of 7.5" FWHM, so that on average p ≈ a, which optimizes the signal-to-noise ratio of point sources.
Hence, we measure the PSF on each individual frame, choose the weighting function needed to conserve the footprint and obtain the flux on the footprint. Individual frames are normalized to each other using the count rates of the 15 brightest non-variable objects. Fluxes from indi-vidual frames are averaged for each object and the flux error is derived from the scatter. Thus, it takes not only photon noise into account, but also sub-optimal flat-fielding, errors in the background determination and uncorrected detector artifacts. All fluxes are finally calibrated to the GALEX photometric catalogues using the brightest stars. As such the MPIAPHOT aperture fluxes correspond to total fluxes for point sources, but underestimate them for extended sources.
In this way, we have measured the NUV flux from the SN alone (the excess flux over the host level) in a physically non-variable aperture, with ideal S/N, and correctly calibrated. Poisson fluctuations in the source flux, so these form a steep arm at slope 1/2 (in a log-log plot). Fig. 2 shows part of the resulting light curve; a large group of frames obtained two years after the SN event is omitted as it shows just the host galaxy light at the same level and scatter as before the event. The dip between peaks is statistically significant; by summing the NUV making up the first peak, the dip and the start of the second peak, we determine that the significance of the drop is 2.77σ.
The FUV images have been processed in a similar fashion except that the low count rates are a challenge for determining the PSF, background and normalization of individual frames.
The resulting FUV fluxes should be considered uncertain at a +/-30% level in each frame. Given that we find two variable sources in an area of 10' x 10' the probability for a chance coincidence of a random variable with the location of the host galaxy (known to 1" x 1") is 2:360,000. However, if you restricted yourself to the short time period near the supernova, this probability would shrink even further.
We use a cosmology consistent with the WMAP 3 year results and assume a Hubble Constant H 0 = 70.
S3 Analytic Estimates for the Radiative Precursor
Here we give more details about the derivation of the scaling relations given in the main text.
S3.1 Estimated Depth and Duration
First we estimate the depth of the shock d within the star at the start of the radiative precursor.
This is defined by equating the photon diffusion time-scale τ diff with the time-scale for the shock to escape τ s , where
and l is the photon mean free path, v is the shock speed, c is the speed of light and α is a constant which depends on the density profile of the progenitor (S5). The value of α is ≈ 10 for a uniform density sphere or ≈ 30 or ≈ 90 if the density profile of the sphere drops as r
or r −2 , respectively (S5). If the system is better modeled by a thin shell than a uniform sphere, then α = 1. We adopt α ≈ 10 as we assume that the depth of the shock at the time of the precursor is not negligible, and that the density profile in the relevant part of the envelope is roughly constant. This seems to be consistent with careful models of red-supergiant envelopes (S6).
Equating τ diff with τ s and rearranging produces
in which we will substitute the mean free path for an opacity κ dominated by electron scattering in a hydrogen atmosphere κ es,H of density ρ. This gives ) for the depth of the shock at the time when the radiative precursor becomes visible at the surface.
In the main text, we have omitted the dependence on α and κ for simplicity. Note that the depth estimated here is a very good match to the depth of the shock in Fig 3. at the start of the radiative precursor.
This value for d is ∼ 350 R ⊙ . As the progenitor's radius must be larger than d, we require a red supergiant, as expected for a IIP SN. The duration of the radiative precursor should be
4 s for the parameters above, i.e. almost 7 hours and thus in good agreement with our observations. To be precise, we should increase this duration by the light travel time across the disc, but this constitutes a fairly small correction. As stated in the main text, the duration of shock breakout from a blue supergiant is completely incompatible with our observations (see also S7).
Comparison with our numerical simulations and observations suggests that a lower value of α might provide a more precise match to the data, as the precursor itself lasts only ≈ 4 hours before shock breakout. A value of α ≈ 5 is a reasonable value, intermediate between α = 1 for a thin shell and α = 10 for a sphere of uniform density.
The density adopted here is consistent with the envelopes of red-supergiant models used in previous SN modeling, although they are towards the lower end of expectations (S6, S8) . Note that the modelling of red supergiant envelopes is uncertain. Convection becomes inefficient near the surface of such stars, rendering mixing-length theory inadequate. In addition, the boundary conditions of red giant models should be carefully matched to models of the star's wind in order to faithfully model the density profile of the envelope (S6).
S3.2 Estimated Energy Release
We can estimate the total energy released in the radiative precursor E rp in a way almost independent of the density profile. The total energy radiated during the passage of a radiation-dominated shock with velocity v through a mass M is ≈ (18/49)Mv 2 and we can approximate the mass as M ≈ 4πR 2 ρd, where ρ and d are again the density of the outer envelope and the depth of the shock when the radiative precursor is first visible. We take R to be the radius of the star, which is a good approximation if R ≫ d. We can now replace d using Eq. (S2) and then use ρl = κ
to obtain 
Dividing this by a duration of ∼ 10 4 s predicts a mean luminosity of ∼ 10 38 W, consistent with our extrapolation from the observed UV flux using a temperature of ∼ 10 5 K (see section S4.2).
S4 Numerical Light Curve Models
We have produced UV light curves for both the radiative precursor and the post-shock-breakout adiabatic expansion. Our simple numerical models use the physics essential to the respective phases. They naturally produce light curves consistent with the data using the expected physical input and the very minimum of parameter fitting.
The following models both produce a spectral energy distribution (SED). The effects of cosmological redshift were applied to the SED and the time axis of the expansion. The full emission probably constitutes the biggest uncertainty in our models. We have used measured values for the extinction (see section S1) such that the NUV flux which reaches us is ≈ 1/3.8 of the emitted flux, and the FUV flux is ≈ 1/9.0 of the unextinguished value. However, even the 'local' measurements of the host galaxy's extinction are not guaranteed to be exactly the same as those which would be appropriate for the SN (see section S1).
S4.1 The Radiative Precursor
To model the radiative precursor we have written a bespoke one-dimensional, two-temperature, hydrodynamic code. The code is Eulerian; we have used 800 radial cells across the initial model (hence with a typical cell size of ∼ 10 9 m) and 4000 cells in total. Radiation transport is handled during each timestep by solving the diffusion equation for the internal energy U rad of radiation within the moving radiation-dominated plasma, where the the diffusion constant is c/(3ρκ) and we assume that the opacity κ is mostly due to electron scattering inside a hydrogen-dominated plasma. In addition to elastic Compton scattering, the radiation treatment includes Compton cooling and bremsstrahlung (S9), and the hydrodynamics naturally incorporates advection and adiabatic cooling. When a temperature is required for the emission model we take the fourth root of the energy density of the radiation, T = (cU rad /4σ) (1/4) .
The initial conditions specify a density distribution for the cold (10 eV) envelope and for the hot (1 MeV) core. The core properties were chosen such as to eventually produce a shock moving with a characteristic velocity of 1 − 2 × 10 7 m s −1 . Note that this means that the first model in Fig. 3 is not at core collapse, or directly taken from a stellar evolution code. The times in Fig. 3 are approximately relative to shock breakout.
This model includes the essential physics to describe the motion of the shock through the star. However, modelling the exact spectral energy distribution and luminosity of the radiative precursor would be a much more complex task, partly as during shock breakout the luminosity may be augmented by some non-thermal emission (S10). To the accuracy currently demanded by the data in the UV waveband, it seems reasonable to approximate the emission as black-body.
We do not attempt a full solution of the radiative-transfer problem, but note that the photons which have diffused to the surface will carry a temperature which was imprinted on them deeper in the star, as the opacity is largely due to elastic scattering from electrons. We estimate that the typical photon will have diffused from an optical depth of c/3v shock and therefore adopt this depth to define the characteristic temperature for the black body. However, the radiation flux at the surface will be somewhat lower than at the optical depth where the photons originated (as the diffusion speed is rather lower than the speed of light). Our models indicate that the intensity of emission will be lower by up to a factor of five than would be expected for this black-body temperature over the entire surface. Given those uncertainties, the light curves in In addition to any simplifications introduced in our modelling, we note that most of the luminosity during the radiative precursor will be emitted at higher energies than we directly observe; it is unclear whether a significant fraction of those shorter-wavelength photons will lead to the production of UV radiation through some indirect route.
This model has the significant benefit of physical clarity, but more detailed and complex work will be needed to fully exploit future observations.
S4.2 After Shock-Breakout
After the radiative precursor, GALEX has observed the early stages of the SN's expansion.
As summarized in the main text, this phase is relatively simple to understand. The radiationdominated plasma expands freely (with almost constant velocity) and cools adiabatically, hence
The energy source is the internal energy of the plasma; radioactivity is only relevant much later. Our model also assumes that the emission can be approximated by a singletemperature black body, and this rest-frame SED is converted into an observer-frame GALEX UV flux as described at the start of section S4. The assumption that there is a well-defined photosphere is reasonable for the very early stages of expansion which we have observed.
The model light curves represented in Fig. 2 were produced by this physical model of free adiabatic expansion. The initial radius and expansion velocity were set by hand to a range of expected values for the progenitor of such a type IIP SNe. Then the initial temperature and time of explosion were fitted such that the χ 2 parameter with respect to the NUV data was minimized.
The FUV data was not fitted, but the model light curves are still consistent with the data. This second phase, visible in the UV after the radiative precursor, constrains the dimensions of the precursor independently of the precursor model.
As the envelope cools and becomes less dense, the later behavior and definition of the photosphere is more complex. In particular, the plateau in the late-time optical light curve that is characteristic of type IIP SNe is thought to be due to such complications. During the plateau, the effective photosphere moves inwards in mass but remains at an almost constant radial position and temperature. The color of the SN is not precisely constant during the plateau (see Fig. 1 ); the emission during that stage is not from a simple black body.
S4.3 The Second Peak in the UV Light Curve
Although the physics governing the phase of adiabatic expansion is simpler than in the previous or subsequent epochs, we find that the main feature of this era is sometimes not intuitively understood. Fig. S4 demonstrates how the moving peak of the black-body spectral energy distribution allows the luminosity in a particular waveband to change non-monotonically, even though the total luminosity is always decreasing.
As an alternative way to visualise this, we can write an equation for the black body luminosity as a function of temperature and frequency, L(T, ν), neglecting numerical factors,
where h and k are Plank's and Boltzmann's constants, respectively. In the Rayleigh-Jeans limit this becomes
where we have used the fact that R ∝ 1/T in the phase of adiabatic expansion (S5) . So in the Rayleigh-Jeans portion of the spectrum, the luminosity at a given frequency from the surface of an adiabatically expanding optically-thick sphere is inversely proportional to the temperature.
The luminosity at that wavelength begins to decline once the peak of the spectrum moves close to the UV band and the Rayleigh-Jeans approximation is no longer valid at that frequency. Fig. S4 suggests that the second peak occurs for a given ν when hν ≈ 2kT .
Note that this second peak in the light curve (the 'adiabatic peak') occurs at a different time for each frequency. The maximum bolometric luminosity occurs at the only time when the luminosity in all wavebands peaks simultaneously, and the secondary UV maximum is not coincident with a peak in the visible light output. Furthermore, once the phase of adiabatic expansion is over, our analysis is no longer valid (e.g., the optical plateau is governed by completely different physics).
There seems to be some confusion over whether the observations in (S11) have resolved shock breakout in the type Ib/c SN 1999ex. Note that the cadence of their observations is easily long enough to miss the radiative precursor that we have observed. The progenitor of 1999ex
would not be a red supergiant but a much more compact star. The duration of the radiative precursor preceding shock emergence from such a compact star should be much shorter than that which we observe. We thus find it extremely unlikely that (S11) observed the shock emerging from within the star. However, we note that the timescale of the early dip they observe in the U band is consistent with the timescale we find for the phase of adiabatic cooling.
S5 Suggestions for Further Observations
Finding more events like SNLS-04D2dc will help further our understanding of core-collapse SNe. We provide some general ideas on how a larger sample of such events might be obtained.
The starting place for any such survey design must be the assumption that SNLS-04D2dc was a normal event; we assume that a UV light curve of the same absolute magnitude in the near-UV is associated with all -or at least a majority of -Type II SNe. If this is the case, we must further consider the dust extinction in the host galaxies and the locations of Type II SNe. The near-UV is much more sensitive to dust extinction than optical wavelengths, and so it is conceivable that a SN Type II occurring in a heavily extincted host galaxy is detected in optical filters, but remains undetected in the UV.
Taking our discovery of SNLS-04D2dc as the starting point, we can estimate the rate of such events in a SN survey similar to SNLS. SNLS-04D2dc is at the edge of what is detectable in single GALEX visits, so we can expect that no similar events will be detectable beyond a redshift of z ∼ 0.2 (the host galaxy of SNLS-04D2dc is at z = 0.1854). We can compute the expected SN Type II rate from the typical cosmic star formation density out to z ∼ 0. Thus, mounting a substantial GALEX observational effort covering e.g 4 fields-of-view continuously would yield about 2 such events per month. A dedicated optical photometry and spectroscopic survey for prompt follow-up of any detected events would also be necessary. The resulting deep GALEX image will also be scientifically useful for other purposes. The key feature of any future similar observations must remain the high cadence. GALEX with its ultraviolet capability and 90-minute orbit is the most suitable platform for further research into the radiative precursors of supernovae. it indicates the energy of a 195 nm photon. The lower two panels show that, even though the overall area under the spectral energy distribution (SED) decreases with time, the UV emission displays non-monotonic behaviour. Between points one and two, the shape of the light curve is dominated by the escape of the temperature spike associated with the shock, and the UV luminosity drops along with the total luminosity. Between the second and third points, adiabatic expansion dominates, and the UV waveband is far enough from the peak in the SED that the UV luminosity increases with decreasing temperature (see also section S4.3). After the red point, the peak in the SED is at a long enough wavelength that the Rayleigh-Jeans approximation is no longer valid at 195 nm, and the luminosity at 195nm begins to fall with continued adiabatic expansion. Eventually the expansion will no longer be adiabatic, and the appearance of the photosphere will be controlled by other processes, for example during the optical plateau. 
